Abstract: This paper represents the mechanical and microstructure changes in geopolymeric material synthesized by the alkali activation of locally source fly ash at high temperatures of 400, 600 and 800 °C. The high compressive strength of geopolymer cured at 70 °C underwent thermal shrinkage and substantial strength losing at temperatures of 400, 600 °C caused by the high dehydration of the structural water. Exposure to temperature of 800 °C, the geopolymer lost its strength due to extremely densification and expansion processes of the high unreacted silicate phase in the structure. The SEM results showed that the high activator content generated large quantities of unreacted silicate crystals at high temperatures which sintered at range of temperatures of 700-800 °C causing system failure.
Introduction
Recently, the geopolymer materials attracted much consideration as a new environmentally-friendly engineering technology due to their brilliant mechanical properties. These materials have been identified as a possible potential alternative construction material to ordinary Portland cement (OPC). As compared to the OPC, the geopolymer technology can reduce the CO 2 emission up to 80-90 % [1] , as well as it possesses higher thermal durability at high temperature environment [2] . Further, the geopolymers materials has early strength, low permeability, excellent resistance to chemical attacks, good freezing-thawing cycles and a tendency to immobilize the heavy metal ions in the geopolymeric structure [3] [4] [5] . However, during heating at high temperatures, the geopolymers experienced a dramatically changes in the physical appearance, mechanical properties as well as in the microstructure features. The objective of this paper is to address these changes for a fly ashbased geopolymer paste system synthesized at high alkaline activator content at three different elevated temperatures of 400, 600 and 800 °C.
Experimental Materials
The fly ash (FA) used in this study was obtained from the Sultan Abdul Aziz Power Station, Kapar, Selangor, Malaysia. The chemical composition of the FA was determined by X-ray fluorescence (XRF) which is listed in Table 1 . The calcium oxide content of the used FA was more than 10%; hence the FA classified as Class-C according to ASTM C618-08 [6] . The FA was activated with alkaline activator prepared by mixing a technical grade sodium silicate (Na 2 SiO 3 ) obtained from Sigma Chemical Ltd. and sodium hydroxide (NaOH). The chemical composition of Na 2 SiO 3 was SiO 2 =30.1 %, Na 2 O = 9.4 %, H 2 O= 60.5 % and the modulus ratio (M S ) equal to 2 (where M S = SiO 2 / Na 2 O). The NaOH of 12 M was prepared by mixing sodium hydroxide pellets of 97-99 % purity were supplied by Sigma-Aldrich Co, with distilled water. The alkaline activator prepared by mixing the Na 2 SiO 3 and NaOH solution at a constant mass ratio of 1:1.
Table1 : Chemical composition of fly ash using XRF Mixing, curing and aging of geopolymer paste The mix design of the geopolymer listed in Table 2 . The geopolymers were prepared by mixing the FA in a 5 L capacity mixer for 2 min, and then the advanced prepared alkaline activator liquid was gradually added to the FA. The wet mixing was continued for 5 min. After that, each mix was poured into 100 mm 3 cubic plastic molds and wrapped using a thin plastic layer to prevent water evaporation. The wrapped molds were then cured in an oven at 70 ºC for 24 h. Finally, the molds were taken out of the oven and left to cool at room temperature before demolding. The sealed specimens then were stored under ambient conditions prior to test their density and mechanical compressive strength at age of 28 days. Elevated temperatures A series of geopolymers paste specimens at age of 27 days were further exposed to elevated temperatures of 400, 600 and 800°C. The specimens were placed into furnace and heated at fixed heating rate of 4.4 °C/min. The geopolymers specimens were kept at each elevated temperature for 1hour. Afterwards, the samples left to cool inside the furnace to room temperature. The compressive strength test was preformed day after the heating at age of 28 days.
SEM Scanning electron microscopy (SEM) was performed using SEM JSM-6460 LA Jeol. Japan, in order to investigate the microstructure of the unexposed and exposed geopolymers to elevated temperatures. The specimen fragments for each case were mounted in epoxy resin and further vacuumed and painted with platinum coat prior to test. Test was carried out using secondary as well as backscattered electron detectors. Table 3 shows the initial compressive strength of the geopolymer paste specimens as cured at 70 °C with the residual strength and strength loss percentage after exposure to the elevated temperatures. The geopolymer paste cured at 70 °C possesses a high compressive strength of 44.83 MPa at age of 28 days, however, the strength of geopolymers decreased upon the exposure to the elevated temperatures. The strength of geopolymers specimens started to decrease as they heated to 400 °C reporting a strength loss of 37.8 %. Further decreasing in the strength was observed while the pastes heated to 600 °C proceeds a strength loss up to 56.5 %. Additionally, as the geopolymer exposed to 800 °C, the structure did not return any residual strength as it underwent extremely densification and expansion processes with severe cracking and dimensions changes. The trend of compressive strength declination with increasing the elevated temperature is attributed to the significant increasing in the thermal shrinkage resulted from the water evaporation from the geopolymer structure. The water in the geopolymer structure transformed to a water vapor
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when the geopolymer heated further than 100 °C [7] and its pressure increased continuously with increasing the heating temperature. However, when the water vapor pressure reaches the maximum limit the dense matrix with less permeability would be unable of restrain the high thermal stresses, which causes intensive thermal cracks on the specimen surfaces due to the thermal shrinkage. This phenomenon is known as "the vapor effect" [7] . Furthermore, at temperatures ranged from 700-800 °C, the geopolymer matrix undergoes a densification and expansion processes due to the viscous sintering process of the high silicate secondary phases [8] [9] . This extreme expansion is the reason behind the geopolymer paste failure when exposed to 800 °C. Moreover, the SEM micrographs for the geopolymers cured at 70 °C and the exposed to the elevated temperatures are illustrates in Figure 1 . The geopolymer cured at 70 °C (Figure 1 a) shows the typical microstructure of dense, pours and homogeneous matrix consisting mainly from aluminosilicate gel resulted from the geopolymerization process as indicated by the EDS tests (Figure 2 a) . The micrograph shows the absence of the unreacted fly ash microspheres portion which implies that the adoption of high Activator/FA ratio resulted in high activation to the FA lead to produce high geopolymeric products [10] . In addition, the dense matrix contains small microcrakes resulted from the evaporation of water during the curing and aging processes existed with a little brightly crystals. Fig. 1 : SEM micrographs for the geopolymers (a) as cured at 70 °C, (b) exposed to 400 °C, (c) exposed to 600 °C, (d) exposed to 800 °C.
However, the initial matrix formed at 70 °C, deteriorated as exposed to the elevated temperatures. Figure 1b presents the SEM micrograph of the geopolymer paste exposed to 400 °C, shows the developing in the micro-crakes growing due to the high water evaporation rate from the dense structure. Further, the evaporation of water leaves micro-pores observed in the matrix which are responsible for the strength declination observed in the compressive strength measurements. It seen that the exposure to 400 °C increases the increases the content of a brightly crystals distributes on the micro-crakes and pores. Moreover, Figure 1 c shows that the geopolymer paste exposed to 600 °C underwent high deterioration in the microstructure by further increasing in micro-crakes expansion and crystals content. Consistently, Figure 2 illustrates the EDS spot analysis for the crystal particles appeared in Figure 1 c, demonstrating that its composed form highly unreacted silicate. The micro-crakes were further expanded and the unreacted silicate material content increased at the geopolymer matrix. This unreacted silicate phase is, however, the main responsible for the densification and sintering processes occurred in the geopolymer paste while exposed to 800 °C [10] . Rickard et al. (2012) reported that the unreacted silicate phase existed in the geopolymer matrix experience swelling and sintering processes at range of temperatures of 700-800 ° C, causing a densification and expansion to the geopolymer matrix that observed in Figure 1 which may lead to structure failure. Therefore, the geopolymer paste exposed to 800 °C did not maintain any residual strength due to excess activator content produced a highly unreacted or partially reacted silicates material. However, the presented thermal behavior of the geopolymer at the elevated temperatures indicated the significant effect of the Activator/FA ratio on the geopolymer performance at highly temperature environments. 
Conclusion
The elevated temperatures of 400, 600 and 800 °C showed a significant influence on the mechanical and microstructure properties of the fly ash geopolymer pastes. The compressive strength of the specimens decreased as exposed to the elevated temperatures due to the substantial thermal shrinkage resulted from the dehydration of the structural water. The SEM results showed the remarkable changing in the microstructure from the dense homogenous gel matrix formed at curing temperature to a multi-cracking and pours matrix when exposed to temperatures of 400 and 600 °C. The matrix after exposed to these temperatures showed high quantities of unreacted silicate crystals. The swelling of these crystals at temperature of 800 °C caused significant densification to the geopolymer material leads to structural failure.
